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EXECUTIVE SUMMARY  

Often, road construction causes the need to create a work zone. In these scenarios, 

portable concrete barriers (PCBs) are typically installed to shield workers and equipment from 

errant vehicles as well as prevent motorists from striking other roadside hazards. For an existing 

W-beam guardrail system installed adjacent to the roadway and near the work zone, guardrail 

sections are removed in order to place the portable concrete barrier system. The focus of this 

research study was to develop a proper stiffness transition between W-beam guardrail and 

portable concrete barrier systems. The research objectives were to determine performance and 

design constraints and to develop a stiffness transition between PCBs and W-beam guardrail that 

will significantly improve safety for the motoring public and workers within construction zones. 

The stiffness transition was designed and simulated according to the AASHTO MASH Test 

Level 3 (TL-3) impact safety standards. This research effort was accomplished through 

development and refinement of design concepts using computer simulation with LS-DYNA. 

The research methodology began with a literature review performed on PCB and 

transition designs. Next, performance and design criteria were developed to allow the researchers 

to evaluate design concepts. Design concepts for guardrail-to-PCB transitions were developed, 

discussed, and prioritized. A computer simulation effort was undertaken to analyze, refine, and 

evaluate the design concepts under TL-3 impact scenarios. Finally, conclusions pertaining to the 

potential success of each proposed design were made, and recommendations for full-scale crash 

testing were provided. 

Two preferred design concepts with a total of fourteen different transition configurations 

were evaluated using LS-DYNA computer simulation to determine the optimal transition design 

for evaluation through full-scale testing. These design variations included overlapping and 

offsetting of the PCB segments relative to the guardrail, attachment of the guardrail to the 
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PCBôs, use of kicker beam to initiate motion of the PCBs, and use of thrie beam in lieu of W-

beam guardrail. Each design configuration was simulated at a variety of impact points and 

compared based on specific safety performance criteria for the transition, including vehicle snag, 

barrier pocketing, vehicle stability, and occupant risk criteria. Following the analysis, the design 

configurations were ranked based on their potential safety performance and presented to the 

Technical Advisory Committee (TAC). The TAC selected a preferred design configuration that 

used Midwest Guardrail System (MGS) guardrail with nested W-beam for the transition. 

After selection of the preferred design, the researchers used simulation analysis to 

determine Critical Impact Points (CIPs) for full-scale testing, evaluate additional impacts along 

the transition, and analyze impacts on the transition from opposing traffic. This information was 

combined with the previous analysis to develop the final transition design and recommendations 

for full-scale testing and evaluation of the transition. 

Based on this research, the nested-MGS configuration was recommended for evaluation 

using a full-scale crash testing program. The nested-MGS configuration connected the barrier 

systems with the W-beam end-shoe attached to the upstream end of the fourth PCB segment with 

a minimum of three PCB segments extending behind the nested MGS. A minimum of five 12-ft 

6-in. long, W-beam sections should be nested upstream from the end-shoe. For testing purposes, 

the transition should consist of at least a twenty-five post MGS system and an eleven segment 

PCB system at a 15H:1V flare. The critical impact point should occur at the centerline of the 

fifth guardrail post upstream from the end-shoe attachment for test designation no. 3-21. The 

reverse-direction test scenario should use an impact location 12 ft ï 6 in. longitudinally upstream 

from the end-shoe attachment for test designation no. 3-21.  

A simulation effort involving impacts with the 1100C small car was not conducted. The 

2270P test vehicle was deemed more critical than the 1100C small car for the concept 
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 INTRODUCTION  1

1.1 Problem Statement 

In practice, portable concrete barriers (PCBs) must be connected and transitioned to 

many types of barriers. Sometimes these portable concrete barriers are connected to similarly-

shaped permanent concrete barriers. At other times, portable concrete barriers must be connected 

to dissimilar barriers, such as vertical concrete barriers, tubular steel bridge railings, W-beam 

guardrail, thrie beam guardrail, and open concrete bridge railings. Unfortunately, very little 

research has been devoted to this transition need. The only previously-developed PCB transitions 

have involved attachment to permanent, safety-shape concrete roadside barriers and permanent 

concrete median barriers [1-4].  

Previously, researchers at the Midwest Roadside Safety Facility (MwRSF) conducted a 

survey of the members participating in the Midwest States Regional Pooled Fund program in 

order to identify the most prominent transition needs involving portable concrete barriers. The 

results, as shown in Table 1, identified a transition between portable concrete barriers and W-

beam guardrail as the second highest need. As noted above, a transition from portable concrete 

barriers to permanent concrete safety-shape barriers has been previously developed. Thus, the 

focus of this research study was to investigate stiffness transitions between portable concrete 

barriers and W-beam guardrail. 

A transition between portable concrete barriers and W-beam guardrail is necessary when 

roadway construction creates a work zone in an area with existing W-beam guardrail. In this 

situation, a portion of the W-beam guardrail is often removed, and portable concrete barriers 

would be installed to create a work zone. The area where these two barriers meet can create a 

potential hazard, especially if a proper transition is not installed, as shown in Figure 1. 
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Table 1. Summary of State DOT Survey for Portable Concrete Barrier Transitions [2] 

 
Note: States completing the survey were asked to: 

(1) Identify how useful the development of the listed transition would be to your state by circling a number from 1 to 5. 

(2) Include the approximate percentage of portable concrete barrier transitions which are comprised of the listed transitions. 

(3) Rank the transition types in order of their benefit to your state with 1 being the most beneficial. 

(4) Include pictures, details, and drawings concerning portable concrete barrier transitions, including all those listed above. 
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Figure 1. Unsafe Connection between Guardrail and Portable Concrete Barriers 

Some of the primary concerns associated with a transition between W-beam guardrail and 

portable concrete barriers correspond to the difference in barrier deflections and functionality of 

two barrier types. A strong-post, W-beam guardrail system is a semi-rigid installation with 

typical permanent set deflections ranging between 36 in. (914 mm) and 48 in. (1,219 mm) for 

high-speed impacts with passenger vehicles. However, a PCB system is often placed as a 

temporary installation to create and protect work zones, which may have a permanent set 

deflection as high as 80 in. (2,032 mm) under similar impact scenarios. This drastic difference in 

barrier deflection could lead to unwanted vehicle snag, pocketing, vehicle instability, or occupant 

risk. Therefore, researchers determined that a proper transition in lateral barrier stiffness and 

strength was necessary between the two systems. Unfortunately, a crashworthy stiffness 

transition is currently unavailable. 

1.2 Research Objectives 

The research objectives were to (1) determine performance and design criteria and (2) 

develop a stiffness transition between portable concrete barriers and W-beam guardrail that will 
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significantly improve safety for the motoring public and workers within construction zones. The 

transition system was designed to meet the Test Level 3 (TL-3) safety performance criteria set 

forth in the American Association of State Highway and Transportation Officials (AASHTO) 

Manual for Assessing Safety Hardware (MASH) [5]. 

1.3 Scope 

The research objectives were achieved through the completion of several tasks. First, a 

literature review was performed on previous testing of free-standing PCB systems, pinned and 

anchored portable concrete barriers, W-beam guardrail, transitions between different barrier 

types, and various barrier-stiffening techniques. Next, performance and design criteria were 

developed that would allow the researchers to determine the likelihood of success for each 

design concept. Then, several design concepts for guardrail-to-PCB transitions were developed, 

discussed, and prioritized. A computer simulation effort was undertaken to analyze, refine, and 

evaluate several of the design concepts using LS-DYNA, a 3-D nonlinear finite element code [6]. 

Since ease of installation was a desired trait of the transition system, the simplest design concepts 

were simulated first. Based on the simulation results, complexity was later added on an 

incremental basis in order to meet the performance and design criteria. For each selected 

transition design concept, an FEA model was configured. Subsequently, an LS-DYNA analysis 

and design effort was conducted in order to evaluate the transition concepts under MASH TL-3 

impact scenarios, modify the configurations, and determine the Critical Impact Points (CIPs) for 

the transition. Finally, conclusions pertaining to the potential success of each proposed design 

were made, and recommendations for full-scale crash testing were provided. 
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 LITERATURE REVIEW  2

2.1 Introduction  

Before transition design concepts were formulated and simulated, a literature search was 

conducted in order to review (1) prior guardrail-to-PCB and PCB-to-permanent barrier transition 

configurations, (2) barrier deflections, and (3) other barrier stiffening techniques. A brief 

summary for the relevant research studies are provided below and include test descriptions, test 

conditions, and dynamic and permanent set deflections for actual and simulated tests. These 

results aided in the formulation of design concepts for the transition between W-beam guardrail 

and portable concrete barriers. Please note that the purpose of this literature review was to 

identify similar research and gain knowledge of barrier deflections and transition-stiffening 

techniques. However, a historical summary for all barrier transitions is not included herein. 

2.2 Crash Testing and Simulation Studies on Free-Standing PCBs 

2.2.1 National Crash Analysis Center Finite Element Study 

In 2007, the National Crash Analysis Center (NCAC) conducted an extensive LS-DYNA 

computer simulation study to evaluate the performance of portable concrete barriers, including 

different combinations of PCB shapes, lengths, and connection types [7]. As illustrated by the 

simulation matrix in Figure 2, 160 different combinations were examined under the National 

Cooperative Highway Research Program (NCHRP) Report No. 350 safety guidelines for Test 

Level 3 (TL-3). This investigation required that each simulation be set up for an impact with a 

4,409-lb (2,000-kg) pickup truck at an angle of 25 degrees and an impact velocity of 62.1 mph 

(100 km/h). For this effort, full-scale crash test results and findings from previous studies were 

used to develop and validate the computer models. Each PCB system was evaluated for occupant 

ridedown acceleration, occupant impact velocity, barrier displacement, and rotation angle. Full 

results of the study can be found in the charts located in Appendix A. 
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Figure 2. Simulation Matrix for NCAC Study [7] 

2.2.2 Development of MwRSF F-Shape PCB 

In 1996, researchers at the Midwest Roadside Safety Facility (MwRSF) developed an F-

shape PCB for the Midwest States Regional Pooled Fund program [8]. Prior to this effort, PCB 

configurations varied significantly from state to state. As such, contractors that worked in 

multiple states were required to either maintain inventories of several PCB configurations or 

seek approval to use alternate designs on a project-by-project basis. Therefore, a need existed to 

develop, test, and evaluate one standardized PCB design that met the TL-3 impact safety 

standards provided in NCHRP Report No. 350. The F-shape PCB was chosen, as shown in 

Figure 3, and two full-scale crash tests were conducted and are discussed below. 

The initial system consisted of sixteen 12-ft 6-in. (3,810-mm) long, F-shape PCB 

segments for a total system length of 203 ft ï 3¾ in. (62.0 m). The PCB system was free-

standing on a concrete surface and utilized a pin-and-loop barrier-to-barrier connection. During 



June 26, 2014  

MwRSF Report No. TRP-03-300-14 

7 

  
Figure 3. Initial Prototype for F-Shape PCB Segment (ITMP-1) [8] 

test no. ITMP-1, a 4,409-lb (2,000-kg) pickup truck impacted the PCB system at a speed of 64.1 

mph (103.2 km/h), and at an angle of 27.6 degrees using a point 3 ft ï 9¼ in. (1,149 mm) 

upstream from the joint between barrier nos. 8 and 9. Upon impact, the vehicle climbed and 

overrode the system, and the test was deemed unsuccessful. 

Upon inspection of the damaged barrier system, it was discovered that considerable 

damage occurred at the barrier joints. It was determined that this damage was likely caused by 

the weakened recessed areas located at the top end of each barrier segment. The recessed areas 

were incorporated for future use in implementing a rigid joint for permanent barrier installations. 

In order to reduce joint rotations and prevent barrier uplift, it was necessary to strengthen the 

barrier ends by eliminating the recessed areas. This retrofit was completed in a three-step 

process, as shown in Figure 4. 

The second system consisted of twenty-one 12-ft 6-in. (3,810-mm) long, F-shape PCB 

segments for a total system length of 267 ft ï 5½ in. (81.5 m). The PCB system was free-

standing on a concrete surface and utilized a pin-and-loop barrier-to-barrier connection. During 
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Figure 4. Retrofit to F-Shape PCB Sections [8] 

test no. ITMP-2, a 4,420-lb (2,005-kg) pickup truck impacted the PCB system at a speed of 62.3 

mph (100.3 km/h), and at an angle of 27.1 degrees using a point 3 ft ï 11¼ in. (1,200 mm) 

upstream from the joint between barrier nos. 8 and 9. The system contained and redirected the 

vehicle with maximum lateral dynamic and permanent set deflections of 3 ft ï 9¼ in. (1,149 

mm) and 3 ft ï 8Ȫ in. (1,140 mm), respectively, and was determined to be successful according 

to TL-3 of NCHRP Report No. 350.  

2.2.3 F-Shape PCB Evaluation under Update to NCHRP Report No. 350 

With the vehicle fleet constantly changing and growing, standards for testing and 

evaluating roadside safety hardware must also change. Thus, NCHRP Report No. 350 was being 

updated to include heavier vehicles with higher centers of gravity. In 2006, MwRSF researchers 

conducted another crash test under the impact conditions outlined in the Update to NCHRP 

Report No. 350 (i.e., future MASH) on the F-shape PCB system that had been previously tested 

[9].  

The system consisted of sixteen 12-ft 6-in. (3,810-mm) long, F-shape PCB segments for a 

total system length of 204 ft ï 6 in. (62.3 m). The PCB system was free-standing on a concrete 

surface and utilized a pin-and-loop barrier-to-barrier connection. During test no. 2214TB-2, a 
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5,000-lb (2,268-kg) pickup truck impacted the system 48 in. (1,219 mm) upstream from the joint 

between barrier nos. 8 and 9 at a speed of 61.9 mph (99.6 km/h), and at an angle of 25.4 degrees. 

The system contained and redirected the vehicle with maximum lateral dynamic and permanent 

set deflections of 6 ft ï 7ȩ in. (2,022 mm) and 6 ft ï 1 in. (1,854 mm), respectively, and was 

found to be successful according to the TL-3 criteria published in the Update to NCHRP Report 

No. 350. 

2.3 Testing of Pinned and Anchored PCBs 

2.3.1  Limited -Slip PCB Connection 

In 1993, researchers at TTI conducted a study into limited-displacement PCB systems 

immediately adjacent to vertical drop-offs for the Texas Department of Transportation (TxDOT) 

[10]. There are circumstances that require PCB systems to be positioned immediately adjacent to 

vertical drop-offs in temporary work zones. During these cases, there is insufficient lateral space 

for displacement of free-standing PCB systems during crash events. Two different barrier-to-

barrier connection types were used in this study, and test results from free-standing and anchored 

configurations were compared. The two different barrier-to-barrier connection types included a 

channel/angle-splice connection and a grid-slot connection. Five full-scale tests were conducted 

using 30-ft (9.1-m) long, New Jersey safety-shape PCB segments, and are discussed below.  

The first system consisted of four 30-ft (9.1-m) long segments for a total system length of 

120 ft (36.6 m), which were placed immediately adjacent to a vertical drop-off. The PCB system 

was pinned to the concrete surface through the front toe of each PCB with four evenly-spaced 

1¼-in. (32-mm) diameter x 20½-in. (521-mm) long, steel pins at an angle of 53.1 degrees from 

the horizontal plane, as shown in Figure 5. The PCB system utilized a channel/angle-splice 

barrier-to-barrier connection. During test no. 1959A-1, a 4,410-lb (2,000-kg) pickup truck 

impacted the system 5 ft (1,524 mm) upstream from the joint between barrier nos. 2 and 3 at a 
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speed of 60.3 mph (97.0 km/h), and at an angle of 25.7 degrees. The vehicle rolled upon exiting 

the PCB system, and the test was determined to be unsuccessful according to TL-3 of NCHRP 

Report No. 350. Researchers analyzed the test and determined that a longer PCB system would 

likely have contained the vehicle.  

 
Figure 5. Limited-Slip Pin Placement Angle [10] 

The second system consisted of nine 30-ft (9.1-m) long segments for a total system 

length of 270 ft (82.3 m), which were placed immediately adjacent to a vertical drop-off. The 

PCB system was free-standing on a concrete surface and utilized a channel/angle-splice barrier-

to-barrier connection. During test no. 1959A-2, a 4,409-lb (2,000-kg) pickup truck impacted the 

system 5 ft (1,524 mm) upstream from the end of barrier no. 4 at a speed of 61.9 mph (99.6 

km/h), and at an angle of 26.1 degrees. All of the PCB segments downstream from the impact 

location were displaced off the vertical drop-off. Consequently, test no. 1959A-2 was considered 

unsuccessful according to TL-3 of NCHRP Report No. 350. 

The third system consisted of nine 30-ft (9.1-m) long segments for a total system length 

of 270 ft (82.3 m), which were placed immediately adjacent to a vertical drop-off. The PCB 

system was pinned to the concrete surface through the front toe of each PCB with four evenly- 
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spaced 1¼-in. (32-mm) diameter x 20½-in. (521-mm) long, steel pins at an angle of 40.1 degrees 

from the horizontal plane. The PCB system utilized a channel/angle-splice barrier-to-barrier 

connection. During test no. 1959A-3, a 4,409-lb (2,000-kg) pickup truck impacted the system 5 

ft (1,524 mm) upstream from the end of barrier no. 4 at a speed of 60.6 mph (97.5 km/h), and at 

an angle of 26.2 degrees. The system contained and redirected the vehicle with a maximum 

lateral permanent set deflection of 5 in. (127 mm) and was considered successful according to 

TL-3 of NCHRP Report No. 350. 

The fourth system consisted of nine 30-ft (9.1-m) long segments for a total system length 

of 270 ft (82.3 m), which were placed immediately adjacent to a vertical drop-off. The PCB 

system was pinned to the concrete surface through the front toe of each PCB with four, evenly-

spaced, 1¼-in. (32-mm) diameter x 20½-in. (521-mm) long, steel pins at an angle of 40.1 

degrees from the horizontal plane. The PCB system utilized a grid-slot barrier-to-barrier 

connection. During test no. 1959A-4, a 4,409-lb (2,000-kg) pickup truck impacted the system 5 

ft (1,524 mm) upstream from the end of barrier no. 2 at a speed of 60.9 mph (98.0 km/h), and at 

an angle of 23.7 degrees. The vehicle came to a rest on top of the PCB system with a maximum 

lateral permanent set barrier deflection of 9 in. (229 mm) and was considered successful 

according to TL-3 of NCHRP Report No. 350. 

The fifth system consisted of nine 30-ft (9.1-m) long segments for a total system length 

of 270 ft (82.3 m), which were placed immediately adjacent to a vertical drop-off. The PCB 

system was free-standing on a concrete surface and utilized a grid-slot connection. During test 

no. 1959A-5, a 4,409-lb (2,000-kg) pickup truck impacted the system 4 ft ï 6 in. (1,372 mm) 

upstream from the end of barrier no. 2 at a speed of 44.6 mph (71.8 km/h), and at an angle of 

25.0 degrees. Two PCB segments were displaced off the vertical drop-off, and the vehicle rolled 
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upon exiting the PCB system. The test was considered unsuccessful for installation in a low-

speed work zone according to TL-2 of NCHRP Report No. 350. 

2.3.2 K-Rail Used in Semi-Permanent Installations 

In 1999, researchers at the California Department of Transportation (Caltrans) conducted 

compliance testing of the California K-Rail (New Jersey safety-shape) PCB in semi-permanent 

applications [11]. The California K-Rail had previously been tested in free-standing applications 

according to NCHRP Report No. 350, but in the interest of limiting deflections of the PCB 

system, a semi-permanent installation was developed. In compliance with NCHRP Report No. 

350, two full-scale crash tests were conducted on the semi-permanent application.  

Both systems consisted of eight 20-ft (6,096-mm) long segments for a total system length 

of 160 ft (48.8 m). The PCB systems were pinned in all four corners to an asphalt concrete 

surface. The pins were 1-in. (25-mm) diameter x 24-in. (610-mm) long, steel stakes. The PCB 

system utilized a pin-and-loop barrier-to-barrier connection. During test no. 551, a 4,445-lb 

(2,016-kg) pickup truck impacted the system at the joint between barrier nos. 4 and 5 at a speed 

of 62.5 mph (100.6 km/h), and at an angle of 25.0 degrees. The system contained and redirected 

the vehicle with a maximum lateral permanent set deflection of 2¾ in. (70 mm) and was 

considered successful according to TL-3 of NCHRP Report No. 350. During test no. 552, a 

1,861-lb (844-kg) small car impacted the system at the joint between barrier nos. 4 and 5 at a 

speed of 63.2 mph (101.7 km/h), and at an angle of 20.0 degrees. The system contained and 

redirected the vehicle with a maximum lateral permanent set deflection of 1 in. (25 mm) and was 

considered successful according to TL-3 of NCHRP Report No. 350. Due to a misinterpretation 

of the original drawings, the pins were cut to a length of 24 in. (610 mm) instead of the intended 

39.4 in. (1001 mm). So, after evaluation of both tests, the California K-Rail was recommended 
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for use with four 1-in. (25-mm) diameter x 39.4-in. (1001-mm) long, steel stakes in each corner 

of the PCBs, as shown in Figure 6.  

  
Figure 6. California K-Rail Steel Stake Setup [11] 

2.3.3 Development of a Tie-Down System for F-Shape PCBs 

In 2002, MwRSF researchers developed a tie-down system for PCBs [12]. During bridge 

construction, PCBs are often placed adjacent to the edge of a bridge deck. However, free-

standing PCB systems near vertical drop-offs are at risk of being displaced off of the bridge deck 

when impacted by an errant vehicle. In order to decrease this risk, researchers developed a steel 

tie-down strap that could be placed on the connection pin at the PCB joints and anchored to the 

bridge deck using drop-in anchors. Following a series of LS-DYNA computer simulations, as 

well as component testing of the steel tie-down strap, researchers pursued full -scale crash testing 

with the design shown in Figure 7. The design consisted of a 3-in. (76-mm) wide x ¼-in. (6-mm) 

thick x 36-in. (914-mm) long piece of ASTM A36 steel bent into a trapezoidal shape. The straps 

were attached to the bridge deck using two Red Head ¾-in. (19-mm) diameter, drop-in anchors 

and ¾-in. (19-mm) diameter x 2¼-in. (57-mm) long, ISO Class 8.8 bolts. 
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Figure 7. Steel Tie-Down Strap [12] 

The test installation consisted of sixteen 12-ft 6-in. (3,810-mm) long, F-shape PCB 

segments placed 12 in. (305 mm) away from a simulated bridge deck edge. The tie-down straps 

were installed at eleven joints, beginning at barrier no. 2 and ending at barrier no. 13. During test 

no. ITD-1, a 4,435-lb (2,012-kg) pickup truck impacted the system 3 ft ï 11¼ in. (1,200 mm) 

upstream from the joint between barrier nos. 8 and 9 at a speed of 60.6 mph (97.5 km/h), and at 

an angle of 24.3 degrees. The PCB system contained and redirected the vehicle with maximum 

lateral dynamic and permanent set barrier deflections of 3 ft ï 1¾ in. (959 mm) and 2 ft ï 9½ in. 

(851 mm), respectively. The tie-down straps were designed to support the dead weight of three 

PCB segments. In test no. ITD-1, only one PCB segment was displaced completely off the bridge 

deck with two PCB segments partially displaced off the bridge deck. Thus, the results from test 

no. ITD-1 were successful according to TL-3 of NCHRP Report No. 350. 

2.3.4  Development of Tie-Down System for Redesigned F-Shape PCB 

In 2003, MwRSF researchers developed a tie-down system for redesigned F-shape PCBs 

that incorporated a bolt-through detail [13]. The redesigned F-shape PCBs incorporated a three-

loop connection that provided double shear at two locations on each pin. The bolt-through, tie-
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down system consisted of three 1ȧ-in. (29-mm) diameter, ASTM A307 anchor bolts with heavy 

hex nuts and 3-in. (76-mm) x 3-in. (76-mm) x ½-in. (13-mm) thick washers spaced evenly across 

the traffic side of each PCB segment, as shown in Figure 8. Each anchor bolt was epoxied into 

the concrete with an embedment depth of 12 in. (305 mm).  

The test installation consisted of sixteen 12-ft 6-in. (3,810-mm) long, redesigned F-shape 

PCB segments placed adjacent to a simulated bridge deck edge with a total system length of 204 

ft (62.2 m). During test no. KTB-1, a 4,448-lb (2,018-kg) pickup truck impacted the system 5 ft ï 

5 in. (1,651 mm) upstream from the joint between barrier nos. 8 and 9 at a speed of 62.0 mph 

(99.8 km/h), and at an angle of 25.3 degrees. The system contained and redirected the vehicle 

with maximum lateral dynamic and permanent set deflections of 11.3 in. (287 mm) and 3½ in. 

(89 mm), respectively, and was considered successful according to TL-3 of NCHRP Report No. 

350. 

 

  
Figure 8. Tie-Down System for Redesigned F-Shape PCB [13] 
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2.3.5  Tie-Down and Transition for PCBs on Asphalt Road Surfaces 

In 2006, MwRSF researchers developed a tie-down system for PCBs on an asphalt road 

surface [1]. Previous tie-down systems had been developed, but only tested on concrete surfaces 

and thus were not appropriate for use on asphalt road surfaces. The tie-down system consisted of 

F-shape PCB segments placed on a 2-in. (51-mm) thick, asphalt pad with three 1½-in. (38-mm) 

diameter x 36-in. (914-mm) long, A36 steel pins installed through the holes on the traffic-side 

toe of the PCB segments. 

 
Figure 9. Asphalt Pin Assembly [1] 

The test installation consisted of sixteen 12-ft 6-in. (3,810-mm) long, F-shape PCB 

segments placed 6 in. (152 mm) from a 3-ft (914-mm) wide x 3-ft (914-mm) deep trench. The 

tie-down pins were installed on the middle ten PCB segments. During test no. FTB-1, a 4,434-lb 

(2,011-kg) pickup truck impacted the system 4 ft (1,219 mm) upstream from the joint between 

barrier nos. 8 and 9 at a speed of 61.3 mph (98.7 km/h), and at an angle of 25.4 degrees. The tie-
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down PCB system contained and redirected the vehicle with maximum lateral dynamic and 

permanent set barrier deflections of 21.8 in. (554 mm) and 11ȧ in. (283 mm), respectively. A 

portion of the soil and asphalt fractured and separated away from the road surface beneath the 

PCB system due to loading of the tie-down pins. The separated area was approximately 23 ft ï 6 

in. (7.2-m) long and had an average separation of 7 in. (178 mm). However, this separation did 

not adversely affect the performance of the system, and researchers determined that test no. FTB-

1 was successful according to TL-3 of NCHRP Report No. 350. 

A second aspect of the research pertained to a transition between barrier systems. When a 

free-standing PCB system is connected to a rigid barrier, a transition between the two barrier 

systems may be required.  The final transition utilized a varied spacing of the same asphalt tie-

down pins from FTB-1 over a series of four PCB segments to create a transition in stiffness, as 

shown in Figure 10.  The first barrier in the transition had a single pin in the downstream end. 

The second barrier had pins installed at the two outside hole locations. The final two barriers had 

all three pins installed. In addition, either 10-gauge (3.42-mm) or nested 12-gauge (2.66-mm) 

thrie beam was bolted across both sides of the joint between the pinned barriers and the rigid 

barrier system in order to reduce the potential for vehicle snag at the joint. 

 

 
Figure 10. PCB Transition from Free-Standing to Rigid [1] 
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The test installation consisted of twenty-two 12-ft 6-in. (3,810-mm) long, F-shape PCB 

segments: five rigidly constrained barriers, four transition barriers, and thirteen free-standing 

barriers. All four transition barriers and twelve of the free-standing barriers were installed on a 2-

in. (51-mm) thick, asphalt pad, while the five rigidly-constrained barriers and one free-standing 

barrier were installed on a concrete surface. During test no. FTB-2, a 4,475-lb (2,030-kg) pickup 

truck impacted the system 4 ft (1,219 mm) upstream from the joint between barrier nos. 8 and 9 

at a speed of 63.8 mph (102.7 km/h), and at an angle of 26.1 degrees. The tie-down PCB 

transition system contained and redirected the vehicle with maximum lateral dynamic and 

permanent set barrier deflections of 18Ȩ in. (467 mm) and 5¼ in. (133 mm), respectively, and 

was determined to be successful according to TL-3 of NCHRP Report No. 350. 

2.3.6 PCB Transition to Tall Permanent Concrete Median Barrier 

In 2010, MwRSF researchers developed a transition between a free-standing PCB system 

and a permanent concrete barrier for median applications [2]. The permanent concrete barrier 

chosen for testing was the 42-in. (1,067-mm) tall, single-slope median barrier, while the PCB 

was a 32-in. (813-mm) tall, F-shape barrier. The system consisted of eight free-standing barriers, 

four transition barriers, and a rigid parapet. The free-standing and transition barriers were 

installed on a 3-in. (76-mm) thick, asphalt pad. The transition barriers used a varied spacing of 

asphalt pins to create a transition in stiffness over four barriers. The asphalt pins used were 1½-

in. (38-mm) diameter x 38½-in. (978-mm) long, ASTM A36 steel pins with a steel cap plate on 

the top. The first barrier in the transition (adjacent to the free-standing barrier) had a single pin at 

the downstream end through both the front- and back-side toes. The second barrier had pins 

installed at the two outermost hole locations on both the front- and back-side toes. The third and 

fourth transition barriers had all three pins installed on both the front- and back-side toes. In 

order to prevent vehicle snag, nested 12-gauge (2.66-mm) thrie beam sections were installed on 
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both the front and back sides of the joint between the pinned barriers and the rigid parapet, as 

shown in Figure 8. 

  
Figure 11. Transition from PCB to Permanent Concrete Barrier [2] 

Using finite element modeling, two critical impact locations were identified for full-scale 

crash testing. Thus, two full-scale crash tests were conducted on the system described above. 

During test no. TCBT-1, a 5,175-lb (2,347-kg) pickup truck impacted the transition barrier 56Ȩ 

in. (1,432 mm) away from the upstream end of the permanent concrete barrier at a speed of 62.5 

mph (100.6 km/h), and at an angle of 24.7 degrees. The system safely contained and redirected 

the vehicle with maximum lateral dynamic and permanent set barrier deflections of 2ȩ in. (67 

mm) and ¼ in. (6 mm), respectively, and consequently was deemed successful according to TL-3 

of MASH. During test no. TCBT-2, a 5,160-lb (2,341-kg) pickup truck impacted the system 3 ft 

ï 5¼ in. (1,048 mm) upstream from the end of barrier no. 5 at a speed of 62.2 mph (100.1 km/h), 

and at an angle of 26.2 degrees. The system safely contained and redirected the vehicle with 
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maximum lateral dynamic and permanent set barrier deflections of 34 in. (864 mm) and 34 in. 

(864 mm), respectively, and consequently was deemed successful according to TL-3 of MASH. 

2.3.7 Evaluation of 12-ft  6-in. Pinned F-Shape PCB 

In 2006, TTI researchers evaluated mechanisms for limiting deflections of 12-ft 6-in. 

(3,810-mm) long, F-shape PCB systems installed near extreme drop-offs [14]. From the 

currently available PCB-restraining or -anchoring mechanisms, most designs required through-

deck bolting, anchor bolts with adhesive bonding, or other constraining straps. The goal of this 

research was to develop an easy-to-install restraining mechanism to limit PCB deflections while 

minimizing the damage to the bridge deck. The design incorporated two 1½-in. (38-mm) 

diameter × 21¼-in. (540-mm) long, ASTM A36 steel drop-pins placed into 1Ȫ-in. (48-mm) 

diameter holes cast into the toe of each PCB segment at an angle of 40 degrees from the 

horizontal. The embedment depth of the drop-pins was 6¼ in. (159 mm), when measured 

vertically. Each of the holes for the drop-pins was located 16 in. (406 mm) away from the ends 

of the barrier segments on the traffic-side of the PCBs. 

The test installation consisted of eight 12-ft 6-in. (3,810-mm) long, pinned F-shape PCB 

segments placed adjacent to a simulated bridge deck edge with a total system length of 100 ft 

(30.5 m). During test no. 405160-3-2a, a 4,674-lb (2,120-kg) pickup truck impacted the system 4 

ft (1,219 mm) upstream from the joint between barrier nos. 3 and 4 at a speed of 62.7 mph (100.9 

km/h), and at an angle of 25.4 degrees. The tie-down PCB transition system contained and 

redirected the vehicle with maximum lateral dynamic and permanent set barrier deflections of 

11½ in. (292 mm) and 5¾ in. (146 mm), respectively, and was determined to be successful 

according to TL-3 of NCHRP Report No. 350. 
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2.3.8  Pinned Anchorage System for New York Stateôs PCBs 

In 2009, MwRSF researchers evaluated mechanisms for limiting deflections of New York 

Stateôs New Jersey safety-shape PCB system [15]. For PCBs located adjacent to vertical drop-

offs, NYSDOT found it desirable to utilize vertical pins through the back-side toe of the PCBs in 

order to reduce barrier deflections as well as to reduce the need for workers to be positioned on 

the traffic-side face of the system when installing anchors. In an attempt to reduce construction 

costs and damage to bridge decks, vertical pins were placed in every other PCB segment in order 

to evaluate whether the barrier deflections would be maintained to reasonable levels. Four 1-in. 

(25-mm) diameter x 15½-in. (394-mm) long, hot rolled ASTM A36 steel rods were used to pin 

the PCB segments to the concrete surface through the back-side toe. Each anchor rod was 

inserted into a 1ȧ-in. (29-mm) diameter, drilled hole in the rigid concrete surface using an 

embedment depth of 5 in. (127 mm), as shown in Figure 12. 

The full-scale crash test consisted of ten 20-ft (6,096-mm) long, New Jersey safety-shape 

PCB segments with a total system length of 200 ft (61.0 m). The PCB system utilized an I-beam 

key connector barrier-to-barrier connection and only PCB segment nos. 1, 3, 5, 7, and 9 were 

pinned to the concrete surface. During test no. NYTCB-4, a 5,172-lb (2,346-kg) pickup truck 

impacted the system 51
3
/16 in. (1,300 mm) upstream from the joint between barrier nos. 4 and 5 

at a speed of 62.3 mph (100.3 km/h), and at an angle of 24.3 degrees. The pinned PCB system 

contained and redirected the vehicle with maximum lateral dynamic and permanent set barrier 

deflections of 64.8 in. (1,646 mm) and 53½ in. (1,359 mm), respectively, and was determined to 

be successful according to TL-3 of MASH. 
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Figure 12. NYSDOT Pinned PCB Setup [15] 

2.3.9 Pinned Anchorage System for New York Stateôs PCBs ï Phase II 

Previous research was conducted to reduce deflections of New York Stateôs New Jersey 

safety-shape PCB system by anchoring alternating PCB segments to the concrete surface with 

vertical steel pins placed through the back-side toe [15]. However, significant barrier deflections 

were observed during the full-scale crash test, which may need to be reduced for work zones 

with restricted space. In 2010, MwRSF researchers conducted further research on New York 

Stateôs New Jersey safety-shape PCB system with every PCB segment anchored to the concrete 

surface [16]. Four 1-in. (25-mm) diameter x 15½-in. (394-mm) long, hot rolled ASTM A36 steel 

rods were used to pin the PCB segments to the concrete surface through the back-side toe. Each 

anchor rod was inserted into a 1ȧ-in. (29-mm) diameter, drilled hole in the rigid concrete surface 

to an embedment depth of 5 in. (127 mm), as shown in Figure 13. 
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Figure 13. NYSDOT Pinned PCB, Phase II Setup [16] 

The test installation consisted of ten 20-ft (6,096-mm) long, New Jersey safety-shape 

PCB segments with a total system length of 200 ft (61.0 m). The PCB system utilized an I-beam 

key connector barrier-to-barrier connection, and the system was placed 12 in. (305 mm) laterally 

from the edge of a simulated bridge deck. During test no. NYTCB-5, a 5,124-lb (2,324-kg) 

pickup truck impacted the system 4 ft - 3
3
/16 in. (1,300 mm) upstream from the joint between 

barrier nos. 4 and 5 at a speed of 64.3 mph (103.5 km/h), and at an angle of 26.2 degrees. The 

pinned PCB system contained and redirected the vehicle with maximum lateral dynamic and 

permanent set barrier deflections of 20½ in. (521 mm) and 9 in. (229 mm), respectively, and was 

determined to be successful according to the TL-3 of MASH. 

2.3.10 Termination and Anchorage of PCBs 

In 2009, MwRSF researchers investigated termination and end anchorages for PCB 

systems [17]. The impact behavior of PCBs, when struck near the upstream end of the system, 

had never been investigated. In order to determine impact loads for future analysis and design of 
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the termination anchor system, computer simulations were conducted using the non-linear finite 

element code, LS-DYNA.  

Upon determination of the design loads, several concepts were explored, and a driven-

steel anchor post concept was chosen for full-scale testing. The PCB segment farthest upstream 

was installed with 36 in. (914 mm) of its downstream end placed on a concrete surface and the 

remainder of the PCB segment resting on soil. This end barrier was anchored by two cable 

assemblies that connected the end connector pin to two driven-steel anchor posts. Each of the 

two anchor posts utilized an 8-ft (2,438-mm) long, W6x25 (W152x37.2) steel section with a 24-

in. (610-mm) x 24-in. (610-mm) x ½-in. (13-mm) thick soil plate welded to the front flange and 

a ½-in. (13-mm) thick plate welded to the top of the post. The anchor posts were installed in soil 

with an embedment depth of 8 ft (2,438 mm). One post was located along the longitudinal axis 

of the system, 45Ȩ in. (1,153 mm) upstream from the first barrier. The second post was located 

29Ȩ in. (746 mm) upstream from the first barrier and offset 11½ in. (292 mm) laterally from the 

traffic-side face of the barrier.  

Cable brackets were bolted to the top of the anchor posts, which were assembled from 

multiple ½-in. (13-mm) thick, A36 steel plates welded together. The cable assemblies were 

comprised of a ¾-in. (19-mm) diameter, 7x19 wire rope, BCT cable end fittings, a Crosby 

heavy-duty HT thimble, and a 115-HT mechanical splice. One 54¾ in. (1,391 mm) long cable 

assembly was aligned with the longitudinal axis of the barrier system. This cable assembly was 

attached with one end fixed between the lower barrier loops on an additional connection pin on 

the upstream end of the barrier, and the other end attached to the anchor post. The end connector 

pin utilized a second 2½-in. (64-mm) wide x 4-in. (102-mm) long x ½-in. (13-mm) thick, ASTM 

A36 steel plate and a ½-in. (13-mm) diameter x 10-in. (254-mm) long, Grade 8 hex bolt and nut 

at the bottom of the pin to prevent it from pulling out of the barrier loops when loaded. The 
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second cable assembly measured 48Ȩ in. (1,229-mm) long, and it was attached from just below 

the top barrier loop on the connector pin on the end of the barrier to the offset anchor post. A pin 

sleeve, made from 1½-in. (38-mm), Schedule 40 pipe, was used to keep the anchor cables in the 

correct vertical positions. The as-tested PCB end anchorage is shown in Figure 14. 

The test installation consisted of twelve 12-ft 6-in. (3,810-mm) long, F-shape PCB 

segments that utilized the end anchorage design above for a total system length of 156 ft ï 6 in. 

(47.7 m). The PCB system utilized a pin-and-loop barrier-to-barrier connection. During test no. 

TTCB-1, a 4,991-lb (2,264-kg) pickup truck impacted the system 9 ft - ȩ in. (2,759 mm) 

downstream from the upstream end of barrier no. 1 at a speed of 62.9 mph (101.2 km/h), and at 

an angle of 25.5 degrees. The maximum dynamic anchor deflections were 5.3 in. (135 mm) for 

the offset anchorage and 6.2 in. (157 mm) for the in-line anchorage, measured from string 

potentiometers mounted on the anchors. The PCB end anchorage system contained and 

redirected the vehicle with a maximum lateral permanent set barrier deflection of 66½ in. (1,689 

mm), and was determined to be successful according to the TL-3 of MASH. 

  
Figure 14. PCB End Anchorage [17] 
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2.4 Testing of W-Beam Guardrail Systems 

2.4.1  Guardrail Deflection Analysis ï Phase I 

In 2011, TTI researchers reviewed literature on previous full-scale crash tests of beam 

guardrails tested in accordance with the criteria set forth in National Cooperative Highway 

Research Program (NCHRP) Report No. 350 and Manual for Assessing Safety Hardware 

(MASH) test no. 3-11 [18]. The guardrail systems were divided into one of five categories: 

single 12-gauge (2.66-mm) W-beam rail, thrie beam rail, nested W-beam rail, 13-gauge (2.28-

mm) Buffalo W-beam rail, and W-beam rail designed for special applications. The single 12-

gauge (2.66-mm) W-beam rail category was of particular interest for this research, and the TTI 

findings can be found in Appendix B. A performance summary of the 27¾-in. (705-mm) and 31-

in. (787-mm) tall guardrail systems can be found in Tables 2 and 3, respectively. Based on this 

information, an average dynamic deflection of 39.7 in. (1,008 mm) and 41.4 in. (1,052 mm) was 

calculated for the 27¾-in. (705-mm) and 31-in. (787-mm) tall guardrail systems, respectively. 

An average permanent set deflection of 24.3 in. (617 mm) and 28.4 in. (721 mm) was also 

calculated for the 27¾-in. (705-mm) and 31-in. (787-mm) tall guardrail systems, respectively. 
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Table 2. System Performance of 27¾-in. (705-mm) Tall Guardrail Systems  

Test Agency Test Name Test Designation 

Permanent Set 

Deflection, in. 

(mm) 

Dynamic 

Deflection, in. 

(mm) 

System Configuration 

TTI 405421-1 NCHRP 350 3-11 
27.6 

(701) 

39.4 

(1,001) 
Modified W-beam, strong post G4(1S) guardrail 

TTI 405391-1 NCHRP 350 3-11 
31.1 

(790) 

43.3 

(1,100) 
Round wood post G4(2W) guardrail 

TTI 400001-MPT-1 NCHRP 350 3-11 
28.3 

(719) 

44.5 

(1,130) 
Modified G4(1S) with recycled blockouts 

TTI 439637-1 NCHRP 350 3-11 
17.7 

(450) 

29.5 

(749) 
Modified G4(1S) 

TTI 400001-APL-1 NCHRP 350 3-11 
31.3 

(795) 

53.6 

(1,361) 
Modified G4(2W) with Amitty plastic's recycled posts 

TTI 404201-1 NCHRP 350 3-11 
33.9 

(861) 

40.6 

(1,031) 
G4(2W) with 100-mm asphaltic curb 

TTI 400001-CFI1 NCHRP 350 3-11 
12.8 

(325) 

31.9 

(810) 

G4 with HALCO X-48 steel posts and recycled plastic 

blockouts 

TTI 400001-ILP2 NCHRP 350 3-11 
13.4 

(340) 

31.1 

(790) 
G4(2W) guardrail with imperial 5-Lam posts and blockouts 

E-TECH Inc. 41-1655-001 NCHRP 350 3-11 
27.6 

(701) 

51.2 

(1,300) 

G4 guardrail with lightweight HALCO X-40 steel posts and 

recycled plastic blockouts 

TTI 400001-MON1 NCHRP 350 3-11 
10.4 

(264) 

33.0 

(838) 
Modified G4(1S) with Mondo Polymer blockouts 

MwRSF PR-1 NCHRP 350 3-11 N/A 
38.2 

(970) 
Strong W-beam guardrail with posts installed in rock 

SwRI N/A_1 NCHRP 350 3-11 N/A 
40.6 

(1,031) 

O-Post as an alternative to a standard W6x8.5 steel post for use 

for W-beam guardrail 

SwRI N/A_2 NCHRP 350 3-11 N/A 
43.7 

(1,110) 
O-Post impacting at the open side 

E-TECH Inc. 41-1792-001 NCHRP 350 3-11 
23.6 

(599) 

27.6 

(701) 

G4 guardrail with lightweight, strong HALCO X-44 steel posts 

and recycled plastic blockouts 

MwRSF 2214WB-2 MASH 3-11 
33.3 

(846) 

47.1 

(1,196) 
Modified G4(1S) guardrail 
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Table 3. System Performance of 31-in. (787-mm) Tall Guardrail Systems 

Test Agency Test Name Test Designation 

Permanent Set 

Deflection, in. 

(mm) 

Dynamic 

Deflection, in. 

(mm) 

System Configuration 

MwRSF NPG-4 NCHRP 350 3-11 
25.7 

(653) 

43.1 

(1,095) 
Modified Midwest Guardrail System 

MwRSF NPG-5 NCHRP 350 3-11 
24.1 

(612) 

40.3 

(1,024) 
MGS with 6-in. tall concrete curb 

MwRSF NPG-6 NCHRP 350 3-11 
12.0 

(305) 

17.6 

(447) 
MGS with reduced post spacing 

MwRSF 2214MG-1 MASH 3-11 
42.9 

(1,090) 

57.0 

(1,448) 
Midwest Guardrail System 

MwRSF 2214MG-2 MASH 3-11 
31.6 

(803) 

43.9 

(1,115) 
MGS with reduced post spacing 

TTI 220570-2 MASH 3-11 
28.7 

(729) 

40.9 

(1,039) 
W-beam guardrail on SYLP 

SwRI GMS-1 MASH 3-11 
22.0 

(559) 

35.0 

(889) 
Modified G4(1S) longitudinal barrier with GMS fastener 

MwRSF MGSDF-1 NCHRP 350 3-11 
35.5 

(902) 

60.2 

(1,529) 
MGS with Douglas Fir wood posts 

MwRSF MGSPP-1 NCHRP 350 3-11 
27.8 

(706) 

37.6 

(955) 
MGS with round Ponderosa Pine posts 

TTI 400001-TGS1 MASH 3-11 
31.0 

(787) 

38.4 

(975) 
Trinity Guardrail System (TGS) 

Holmes 

Solution 
57073112 MASH 3-11 

31.5 

(800) 

41.3 

(1,049) 

Nucor Strong Post W-beam guardrail system without 

blockouts 
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2.5 Testing of Transitions Between Different Barrier Types 

2.5.1 Two Approach Guardrail Transitions for Concrete Safety Shape Barriers 

In 1996, MwRSF researchers developed two guardrail-to-concrete safety-shape barrier 

transitions [19]. One transition design was constructed using W6x9 (W152x13.4) steel posts, and 

the other system was constructed using 6-in. x 8-in. (152-mm x 203-mm) wood posts. For both 

systems, a varied post spacing consisted of one post at 11½ in. (292 mm), five at 18¾ in. (476 

mm), and three at 37½ in. (953 mm). The steel- and wood-post versions of the approach 

transition are shown in Figures 15 and 16, respectively. Two full-scale crash tests were 

conducted on each approach transition design for a total of four tests. 

The first full-scale crash test utilized steel posts with an embedment depth of 43 in. 

(1,092 mm) in the thrie beam area. During test no. ITNJ-1, a 4,396-lb (1,994-kg) pickup truck 

impacted the system 7 ft ï 11Ȫ in. (2,435 mm) upstream from the end of the concrete barrier at a 

speed of 62.1 mph (99.9 km/h), and at an angle of 25.0 degrees. The system experienced larger 

than expected deflections, which caused pocketing upstream of the bridge rail end. The 

pocketing caused a high exit angle and eventually resulted in vehicle rollover. Consequently, the 

performance of test no. ITNJ-1 was deemed unsuccessful according to TL-3 of NCHRP Report 

No. 350. 

Upon investigation of the results from test no. ITNJ-1, it was determined that the system 

was not stiff enough near the bridge end. In order to increase the stiffness and strength, the post 

embedment depth in the thrie beam area was increased to 49 in. (1,245 mm). Also, the upstream 

corner on the traffic-side of the concrete bridge rail was chamfered in order to mitigate vehicle 

snag. During test no. ITNJ-2, a 4,359-lb (1,977-kg) pickup truck impacted the system 7 ft ï 11Ȫ 

in. (2,435 mm) upstream from the end of the concrete barrier at a speed of 63.1 mph (101.5 

km/h), and at an angle of 25.7 degrees. The modified steel-post transition system contained and 
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smoothly redirected the vehicle with maximum lateral dynamic and permanent set barrier 

deflections of 5ı in. (133 mm) and 3ȩ in. (92 mm), respectively, and was determined to be a 

success according to TL-3 of NCHRP Report No. 350. 

The third full-scale crash test utilized wood posts with an embedment depth of 43 in. 

(1,092 mm) in the thrie beam area. During test no. ITNJ-3, a 4,381-lb (1,987-kg) pickup truck 

impacted the system 7 ft ï 11Ȫ in. (2,435 mm) upstream from the end of the concrete barrier at a 

speed of 63.4 mph (102.0 km/h), and at an angle of 26.9 degrees. Similar to test no. ITNJ-1, the 

system experienced larger-than-expected deflections, which caused vehicle instabilities and 

eventually rollover. Consequently, the performance of test no. ITNJ-3 was deemed unsuccessful 

according to TL-3 of NCHRP Report No. 350.  

In order to lower deflections of the transition system with wood-post configuration, the 

post embedment depth in the thrie beam area was increased to 52 in. (1,321 mm). During test no. 

ITNJ-4, a 4,407-lb (1,999-kg) pickup truck impacted the system 7 ft ï 11Ȫ in. (2,435 mm) 

upstream from the end of the concrete barrier at a speed of 63.6 mph (102.4 km/h), and at an 

angle of 24.6 degrees. The wood-post transition system contained and smoothly redirected the 

vehicle with maximum lateral dynamic and permanent set barrier deflections of 3.8 in. (97 mm) 

and 1¼  in. (32 mm), respectively, and was determined to be a success according to TL-3 of 

NCHRP Report No. 350. 
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2.5.2 Evaluation of Guardrail -to-Concrete Barrier Transition 

With the vehicle fleet constantly changing and growing, standards for testing roadside 

safety hardware must also change. Thus, NCHRP Report No. 350 was updated to include heavier 

vehicles with higher centers of gravity. In 2006, MwRSF researchers conducted another crash 

test under the impact conditions outlined in the Update to NCHRP Report No. 350 on the 

guardrail-to-concrete barrier transition system that had been previously tested [20]. 

The transition design was constructed using W6x9 (W152x13.4) steel posts with a length 

of 6 ft (1,829 mm) for post nos. 3 through 10 and 6 ft ï 6 in. (1,981) for post nos. 11-17 [20]. A 

varied post spacing consisted of one post at 10½ in. (267 mm), five at 18¾ in. (476 mm), and 

three at 37½ in. (953 mm). During test no. 2241T-1, a 5,083-lb (2,306-kg) pickup truck impacted 

the system at 7 ft ï 11Ȫ in. (2,435 mm) upstream from the end of the concrete barrier at a speed 

of 60.3 mph (97.0 km/h), and at an angle of 24.8 degrees. The steel-post transition system 

contained and smoothly redirected the vehicle with maximum lateral dynamic and permanent set 

barrier deflections of 11.4 in. (290 mm) and 7ȩ in. (194 mm), respectively, and was determined 

to be a success according to TL-3 found in the Update to NCHRP Report No. 350. 

2.5.3 Stiffness Transition Between W-Beam Guardrail and Thrie Beam 

In 2007, MwRSF researchers investigated stiffness transitions from W-beam guardrail to 

thrie beam approach guardrail transitions [21]. Prior testing of symmetric W-beam-to-thrie beam 

transition elements had been conducted according the guidelines set forth in NCHRP Report No. 

350, but the system did not successfully pass the 2000P light pickup truck test [22]. This study 

was conducted to alleviate some of the stiffness concerns associated with the previously-tested 

transition design. This study included four full-scale crash tests that utilized a varied post spacing 

that consisted of post nos. 1 through 7 spaced 75 in. (1,905 mm), post nos. 7 through 19 spaced 

37.5 in. (953 mm), and post nos. 19 through 21 spaced 75 in. (1,905 mm). 
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For the first full-scale crash test, the W-beam rail had a nominal top-rail height of 27¾ in. 

(705 mm), while the thrie beam had a nominal top-rail height of 31ȩ in. (803 mm). The 

approach transition is shown in Figure 17. During test no. MWT-3, a 4,456-lb (2,021-kg) pickup 

truck impacted the system 8 in. (203 mm) upstream from the centerline of post no. 9 at a speed 

of 63.9 mph (102.8 km/h), and at an angle of 24.8 degrees. The transition system contained but 

did not safely redirect the vehicle, since the vehicle rolled over upon exiting the system. 

Therefore, test no. MWT-3 was determined to be unsuccessful according to TL-3 of NCHRP 

Report No. 350. 

Upon investigation of the results from test no. MWT-3, researchers concluded that the 

roll behavior was due to the relatively higher center of gravity of the 2000P vehicle combined 

with the relatively low rail  height for the 27¾-in. (705-mm) tall, standard guardrail. The 

proposed solution was to switch the approach guardrail to the 31-in. (787-mm) tall Midwest 

Guardrail System (MGS). Since the MGS utilized a 31-in. (787-mm) rail height, a new 

asymmetric transition element was needed. The new transition element was fabricated by cutting 

a triangular piece out of the bottom of a standard 12-gauge (2.66-mm) thrie beam rail, as shown 

in Figure 18. During test no. MWT-4, a 4,448-lb (2,018-kg) pickup truck impacted the system 9 

in. (229 mm) upstream from the centerline of post no. 9 at a speed of 61.0 mph (98.2 km/h), and 

at an angle of 25.3 degrees. The system did not safely contain or redirect the vehicle, since the 

vehicle penetrated the system due to rail rupture. Consequently, test no. MWT-4 was deemed 

unsuccessful according to TL-3 of NCHRP Report No. 350. 

Upon investigation of the results of test no. MWT-4, researchers concluded that 

increasing the post size and embedment depth of posts within the transition region would 

eliminate pocketing. For test no. MWT-5, post nos. 9 through 15 were W6x12 (W152x17.9) 

sections measuring 7 ft ï 6 in. (2,286-mm) long. Additionally, the post embedment depth for 
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post nos. 9 through 15 was 58 in. (1,473 mm). The fabricated asymmetrical W-beam-to-thrie 

beam transition was also replaced with a new 10-gauge (3.42-mm) MGS asymmetrical transition 

element, shown in Figure 19. During test no. MWT-5, a 4,431-lb (2,010-kg) pickup truck 

traveling at 61.5 mph (99.0 km/h) impacted the system 13 in. (330 mm) upstream from the 

centerline of post no. 9, at an angle of 24.9 degrees. The system safely contained and redirected 

the vehicle with maximum lateral dynamic and permanent set barrier deflections of 23Ȫ in. (606 

mm) and 14¾ in. (375 mm), respectively, and consequently was deemed successful according to 

NCHRP Report No. 350. 

The fourth full-scale crash test utilized the same system setup used for test no. MWT-5, 

but now tested with a small car. During test no. MWT-6, a 1,992-lb (904-kg) small car impacted 

the system 12½ in. (318 mm) upstream from the centerline of post no. 10 at a speed of 65.5 mph 

(105.4 km/h), and at an angle of 20.4 degrees. The system safely contained and redirected the 

vehicle with maximum lateral dynamic and permanent set barrier deflections of 23Ȫ in. (606 

mm) and 14¾ in. (375 mm), respectively, and consequently was deemed successful according to 

NCHRP Report No. 350. 

2.5.4 Evaluation of Thrie Beam Transition without Curb  

In 2013, TTI researchers conducted a performance evaluation of a modified thrie beam 

transition to rigid concrete barrier without a curb element below the transition rail [23]. The rigid 

concrete barrier was a 36-in. (914-mm) tall, single-slope traffic rail that was 7½-in. (191-mm) 

wide at the top and 14½-in. (368-mm) wide at the bottom. The approach guardrail transition 

consisted of nineteen W6x8.5 (W152x12.6) posts with lengths of 72 in. (1,829 mm) for post nos. 

3-13 and 84 in. (2,134 mm) for post nos. 14 to 19. The 12-gauge (2.66-mm) W-beam guardrail 

was positioned from post no. 1 to post no. 11, and then an asymmetric W-to-thrie transition 

element spanned from post no. 11 to post no. 13. Then, nested 12-gauge (2.66-mm) 
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       Figure 17. Approach Transition, Test No. MWT-3 [21] 
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Figure 18. Asymmetric Transition Element for Test No. MWT-4 [21] 

  
Figure 19. MGS Stiffness Transition with Asymmetrical Element [21] 

thrie beam rail extended from post no. 13 to the attachment location on the rigid concrete barrier, 

as shown in Figure 20. 

During test no. 490022-4, a 5,002-lb (2,269-kg) pickup truck impacted the system 7 ft ï 5 

in. (2,261 mm) upstream from the rigid concrete barrier at a speed of 62.6 mph (100.7 km/h), and 
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at an angle of 23.9 degrees. The transition system contained but did not safely redirect the 

vehicle, since the vehicle rolled over upon exiting the system. The maximum dynamic and 

permanent set deflections were 5.9 in. (150 mm) and 4.5 in. (114 mm), respectively, with a 

working width of 22.8 in. (579 mm). Test no. 490022-4 was determined to be unsuccessful 

according to TL-3 of MASH due to vehicle rollover.   

 
Figure 20. Thrie Beam Transition without Curb [23] 

2.5.5 MGS Approach Guardrail Transition Using Standardized Steel Posts 

Previously, MwRSF researchers developed and crash-tested a stiffness transition between 

MGS and thrie beam AGTs utilizing an asymmetrical transition element and three different steel 

post types under TL-3 of NCHRP Report No. 350. However, many State Departments of 

Transportation (DOTs) viewed the system as too complicated, and they do not use W6x12 

(W152x17.9) steel posts. Therefore, a simplified transition was developed using only W6x15 

(W152x22.3) and W6x9 (W152x13.4) steel posts [24]. 
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The system consisted of three bridge rail posts and eighteen guardrail posts. The guardrail 

posts utilized a varied post spacing of 75 in. (1,905 mm) for post nos. 1 through 8, 37½ in. (953 

mm) for post nos. 8 through 12, 18¾ in. (476 mm) for post nos. 12 through 16, and 37½ in. (953 

mm) for post nos. 16 through 19. Post nos. 3 through 15 were galvanized ASTM A36 W6x9 

(W152x13.4) steel sections measuring 6 ft (1,829-mm) long. Post nos. 16 through 18 were 

galvanized ASTM A36 W6x15 (W152x22.3) steel sections measuring 7 ft (2,134-mm) long. The 

soil embedment depths for post nos. 3 through 15, and 16 through 18 were 40 in. (1,016 mm) and 

55ȧ in. (1,400 mm), respectively. During test no. MWTSP-1, a 5,169-lb (2,345-kg) pickup truck 

impacted the system 71 in. (1,803 mm) upstream from post no. 9 at a speed of 61.5 mph (99.0 

km/h), and at an angle of 24.7 degrees. The system adequately contained but did not safely 

redirect the vehicle. The vehicle came to an abrupt stop due to pocketing that formed in the 

system. Consequently, MWTSP-1 was deemed unsuccessful according to TL-3 of MASH. 

Upon investigation of test no. MWTSP-1, it was observed that post no. 1, a Breakaway 

Cable Terminal (BCT) wood anchor post, fractured early in the impact event. Inspection of the 

post revealed significant checking through the wide faces of the post along with a critically 

placed knot on the upstream, back-side corner of the post. Researchers concluded that these post 

deficiencies were the cause of the early post fracture. Researchers also concluded that without 

this early post fracture, the system would have adequately contained and redirected the vehicle. 

So a retest was conducted using the system layout shown in Figure 21. During test no. MWTSP-

2, a 5,158-lb (2,340-kg) pickup truck impacted the system 74½ in. (1,892 mm) upstream from 

post no. 9 at a speed of 61.2 mph (98.5 km/h), and at an angle of 26.3 degrees. The system 

adequately contained and redirected the vehicle with maximum lateral dynamic and permanent 

set barrier deflections of 32.8 in. (833 mm) and 25¾ in. (654 mm), respectively, and was 

consequently deemed successful according to TL-3 of MASH. 
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The MGS stiffness transition to thrie beam AGTs was also subjected to crash testing with 

a 1100C small car according to MASH in order to investigate potential underride tendencies. 

During test no. MWTSP-3, a 2,591-lb (1,175-kg) small car impacted the system 93¾ in. (2,381 

mm) upstream from post no. 9 at a speed of 61.0 mph (98.2 km/h), and at an angle of 25.7 

degrees. The system adequately contained and redirected the vehicle with maximum lateral 

dynamic and permanent set barrier deflections of 34.8 in. (884 mm) and 27 in. (686 mm), 

respectively, and was consequently deemed successful according to TL-3 of MASH.  
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Figure 21. MGS Approach Transition to Thrie Beam [24] 
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